Abstract. Differences in plant and herbivore community assemblages between exotic and native ranges may select for different levels of plant traits in invasive and native populations of plant species. Little is currently known of how herbivores may mediate competitive and facilitative interactions between invasive and native populations of plant species and their plant neighbors. Here, we conducted a common-garden field experiment to test whether invasive and native populations of Brassica nigra differ in phenotypic expressions of growth (biomass and plant height) and reproductive (seed yield) traits under different plant neighbor treatments and ambient vs. reduced level of insect herbivore damage on the B. nigra plants. We found significant interactive effects of plant neighbor treatments, level of insect herbivore damage on B. nigra plants, and invasive status of B. nigra on the phenotypic trait expressions. Plant neighbor treatments had minimal effects on phenotypic trait expressions by invasive populations of B. nigra under either level of insect herbivore damage. In contrast, for native populations of B. nigra, ambient level of insect herbivore damage resulted in plant neighbors facilitating expression of the traits above, while reduced damage resulted in plant neighbors competitively suppressing trait expression. Our results suggest that insect herbivores and plant neighbors interactively shape expression of plant traits in native and exotic ranges of invasive plants. Such interactions could potentially lead to different selection pressures on traits that determine antiherbivore defenses and plant-plant interactions.
INTRODUCTION
Interactions between plants often involve both competition and facilitation (Bertness and Callaway 1994, Callaway and Walker 1997) . Mechanisms of competition and facilitation often operate simultaneously within the same plant community or even between a pair of interacting individual plants; the net outcome (competition or facilitation) is influenced by abiotic and biotic conditions, including level of herbivore damage (Callaway and Walker 1997) . According to the stress-gradient hypothesis, the significance of facilitation of a focal plant by its plant neighbor may increase with the level of stress (e.g., high herbivore damage) because plant neighbors may ameliorate the negative effects of such stress (Callaway and Walker 1997) . Conversely, significance of competitive interactions between plants may increase under a low level of stress (e.g., reduced herbivore damage) (Callaway and Walker 1997) .
Intraspecific genetic variations in phenotypic expressions of growth, reproductive, and defensive traits by plants enable the plants to respond to selection imposed by herbivores and plant neighbors (Strauss et al. 2006 , Vellend 2006 , Lankau and Strauss 2007 , Johnson et al. 2008 , Lankau 2008 , Leger and Espeland 2010 , Willis et al. 2010 , Goergen et al. 2011 , Agrawal et al. 2012 , Zu¨st et al. 2012 . Numerous invasive plant species interact with different community assemblages of herbivores (Liu and Stiling 2006) and plant neighbors (Callaway and Aschehoug 2000 , Maron et al. 2004 , Bossdorf et al. 2005 in their exotic vs. native ranges. Using a metaanalysis, Liu and Stiling (2006) show that invasive plant species typically experience lower insect damage levels, interact with fewer individuals and species of herbivores and relatively more generalist vs. specialist herbivore species in their exotic ranges than in their native ranges (Liu and Stiling 2006) . These differences in herbivore and plant community assemblages between the exotic and native ranges of plants may impose different selection pressures on plant traits. Hence, invasive and native populations of the same plant species may express different levels of growth, reproductive, and defensive traits (e.g., Blossey and No¨tzold 1995 , Callaway and Aschehoug 2000 , Buckley et al. 2003 , Leger and Rice 2003 , Maron et al. 2004 , Mu¨ller-Scharer et al. 2004 , Stastny et al. 2005 , Whitney and Gabler 2008 , Zou et al. 2008a , b, Oduor et al. 2011 . One way of inferring postintroduction evolutionary changes in phenotypic trait expressions by invasive plant species involves growing invasive and native populations of the same plant species under similar conditions, then quantifying differences in mean trait values between the two groups of plants (Maron et al. 2004) .
Herbivore-driven evolution and expression of antiherbivore defensive traits, namely resistance and tolerance, by focal plants can influence competitive or facilitative interactions between the focal plants and their plant neighbors (Louda et al. 1990 , Rand 2004 , Thelen et al. 2005 . Through resistance, damage by herbivores on a focal plant may induce expression of high levels of antiherbivore allelochemicals that, in turn, suppress the growth of plants that are neighbors of the focal plant (Callaway et al. 1999 , Thelen et al. 2005 , Lankau and Kliebenstein 2009 . Through tolerance (i.e., a measure of compensatory growth after herbivore damage), herbivores may influence both competitive and facilitative interactions between plants (Callaway et al. 1999 , Rand 2004 . High tolerance of herbivore damage may be associated with increased growth rate and enhanced resource use by focal plants following herbivore damage (Callaway et al. 1999 (Callaway et al. , 2006 . Hence, a focal plant expressing high tolerance after herbivore damage may have an enhanced competitive ability against its plant neighbors (Callaway et al. 1999 (Callaway et al. , 2006 . On the other hand, plant neighbors can enhance (i.e., facilitate) a focal plant's tolerance of herbivore damage by ameliorating environmental stresses that might otherwise limit compensatory growth of the focal plant (Rand 2004 ).
An increasing number of experiments test for the effects of plant neighbors on phenotypic expressions of growth and reproductive traits by invasive and native populations of plant species (e.g., Vila`et al. 2003 , Bossdorf et al. 2004a , McKenney et al. 2007 , Ridenour et al. 2008 , Zou et al. 2008a , He et al. 2009 , Leger and Espeland 2010 . However, none of those experiments has tested for the joint effects of herbivore damage and plant neighbors on the phenotypic expression of those traits. The objective of the current experiment, therefore, was to test for the joint effects of insect herbivory and plant neighbors on phenotypic expressions of growth and reproductive traits by invasive and native populations of Brassica nigra in the field. Specifically, we asked: Do invasive and native populations of B. nigra differ in phenotypic expressions of growth and reproductive traits in the presence vs. absence of plant neighbors and under ambient vs. reduced levels of insect herbivore damage?
MATERIALS AND METHODS

Study system
Brassica nigra (L.) Koch (Brassicaceae) is an annual herb native to the Mediterranean region and North Africa that has spread widely across the globe (Bell and Muller 1973, Feeny and Rosenberry 1982) . In North America, invasive populations of B. nigra have likely arisen from multiple sources introduced ;200 years ago (Westman and Kresovich 1999) . In North America, B. nigra can form thick, monospecific stands, generally in disturbed areas such as roadsides (Lankau and Strauss 2008) .
Experimental design and setup
Seeds from three introduced (Californian) and three native (Mediterranean region and European) populations of B. nigra were field-collected by the authors or collaborators, or obtained from a seed germ plasm collection (see Table 1 for details). Seeds obtained from a germ plasm collection had bee collected directly from wild populations in the field and were then grown for one generation only in common glasshouses to remove maternal effects. Because B. nigra occurs in many localities within its native and invasive ranges, it would have been desirable to use numerous distinct populations of the plant from either range. However, here we used only three distinct populations from either range due to the large nature of the experiment (39 treatments 3 20 replications). Furthermore, we used only the populations from California to represent invasive range, because seeds from those populations had higher germination percentages than seeds obtained from other regions of North America. In addition, we obtained seeds of four heterospecific species (two species each for . We grew these plants employing a fully factorial design with three main factors: invasive status of B. nigra (two levels), plant neighbor treatment (three levels), and herbivore damage (two levels). A seedling from each of the six populations of B. nigra was grown with one of three types of plant neighbors (alone without a plant neighbor, with a heterospecific neighbor, or with a conspecific neighbor) and under one of two levels of herbivore damage (ambient level of damage or reduced level of damage).
For the Alone neighbor treatment, an individual B. nigra plant was grown in the absence of any plant neighbor, yielding six Alone neighbor treatments. For B. nigra plants grown together with a heterospecific plant neighbor, an individual B. nigra plant was grown in a pairwise combination with an individual plant from each of the four heterospecific species, yielding 24 heterospecific neighbor treatments. For conspecific neighbor treatments, an individual B. nigra plant from each of the three native populations was grown in a pairwise combination with a randomly selected individual plant from each of the three invasive populations of B. nigra. This resulted in nine conspecific plant neighbor treatments. In total, there were 39 plant neighbor treatments (i.e., 24 heterospecific þ 9 conspecific þ 6 Alone), with each treatment being replicated 20 times. Each of the 39 plant neighbor treatments was assigned at random to a position within 20 separate planting rows, with each row being a complete replicate. The experimental design employed was a completely randomized design (CRD).
The plant neighbor treatments were spaced 70 cm apart within a row, while the rows were spaced 100 cm apart. The transplanted seedlings were watered regularly until they established, after which watering frequency was fixed at twice a week until the plants matured.
One-half of all the plants in the experiment was released from the ambient level of herbivore damage using an insecticide. The remaining half was treated with water only (control). Both the focal B. nigra plants and their plant neighbor in the respective plant neighbor treatments received the insecticide and water treatments, accordingly. The effects of herbivores on plant growth and reproduction can vary with the stage at which a plant is damaged by herbivores (e.g., seedling vs. adult stage) (Maschinski and Whitham 1989 ). In the current experiment, however, we did not stagger insecticide spray according to the different growth stages of B. nigra. The insecticide and water control treatments were applied weekly. Every other row was treated with a broad-spectrum insecticide, CHAS 48 EC (Cheminova, Madrid, Spain), at a rate of 0.5 mL per liter of water. A narrow-swath sprayer was used to ensure that the insecticide could be directed at plant leaves only, hence avoiding interference with pollinators that visited flowers of the same plants. In a field experiment that we conducted a year earlier in a separate location (Cadiz, southwestern Spain, 36831 0 N, 6811 0 W) using a larger sample of invasive and native populations of B. nigra (including the five we used here), the same insecticide significantly reduced leaf damage on invasive and native populations of B. nigra by 19% and 20%, respectively (Oduor et al. 2011) . Based on data from the previous experiment and focusing only on the populations used commonly in the previous as well as present experiment, the reductions in leaf damage were 28% for the three invasive populations and 26 % for two of the three native populations. (There was one new native population in this experiment not included in our previous one; see Appendices A and B) . Those percentage reductions in insect herbivore damage significantly improved growth performances of invasive and native populations of B. nigra (Oduor et al. 2011 ). In the current experiment, we repeated the identical insecticide treatment, but did not quantify percentage reduction in leaf damage by the insecticide. In the course of repeated qualitative censuses of herbivores to identify the generalist and specialist herbivores of B. nigra occurring at the current experimental site (see Appendix C), it was noted that the insecticide spray greatly reduced herbivore load on the insecticide-treated plants compared to the control plants.
The experimental plot was weeded regularly to avoid undesirable interference from unwanted plant neighbors. This was accomplished by removing any plant that occurred within a radius of 20 cm around the plant neighbor treatments. From the current experiment, any noted significant differences between the invasive and native populations of B. nigra in phenotypic trait expressions would be an indicator of post-introduction trait evolution by invasive populations of B. nigra.
Measurement of expressed traits
Plants were harvested individually as they matured (from approximately the fourth month following the date of transplanting), after which the following four measures of growth and reproductive traits were quantified for each individual plant: plant biomass (root þ shoot) (in grams), seed yield separated into two categories (total seed number and biomass of seeds), and plant height (centimeters). Seed number per plant was estimated by multiplying total fruit count per plant with mean seed number per fruit. Mean seed number per fruit was computed from six randomly selected fruits per plant. Total seed biomass produced by an individual plant was estimated by multiplying seed number per plant by mean biomass of individual seeds computed from the same six fruits just described. Plant biomass was obtained by oven-drying shoots and roots of each plant at 658C for 15 hours and then weighing them together. Plant height was obtained by measuring the length between root collar and the uppermost part of a shoot.
To explore the effects of plant neighbors on phenotypic trait expressions by native and invasive populations of B. nigra (through competition or facilitation), we used the metric relative interaction intensity (RII), whose values range from À1 to 1 (Armas et al. 2004) . A focal plant with a negative RII value is one whose growth/reproductive output has been competitively suppressed by its plant neighbor, while a focal plant with a positive RII value is one whose growth/ reproductive output has been facilitated by its plant neighbor (Armas et al. 2004) . RII is calculated as:
, where F W is the performance of a focal plant in the presence of a plant neighbor, and F O is the performance of a focal plant in the absence of a plant neighbor (Armas et al. 2004 ). The RII values were computed separately for the conspecific and heterospecific plant neighbor treatments under either level of herbivore damage. This was done for each of the four growth and reproductive traits previously described. To address a problem of lack of statistical independence of scores from plants grown in pairwise combinations, we used scores from only half of the plants involved in those pairwise combinations. For example, when 20 plants from an invasive population were grown together with 20 plants from a native population, then scores of only 10 randomly selected plants from that invasive population (denominated focal plants) were used in the analyses. Scores of plants from the native population that had been grown in those pairwise combinations were discarded. A similar technique was applied for native populations of B. nigra. For B. nigra plants grown in pairwise combinations with a heterospecific plant neighbor, we included scores from all of the B. nigra plants, while discarding scores for all the heterospecific plant neighbors.
Statistical analyses
We first performed a permutational multivariate analysis of variance (PERMANOVA) to test for the main and interactive effects of plant neighbor treatment, level of herbivore damage, and invasive status of B. nigra on phenotypic expressions of the four growth and reproductive traits combined. For this analysis, the ADONIS function in library VEGAN was used (R Development Core Team 2009). We then ran Generalized Linear Mixed Models (GLMMs) in univariate analyses of variance to test for the main and interactive effects of the same three independent variables (effects) on phenotypic expressions of the growth and reproductive traits by invasive and native populations of B. nigra. We developed eight candidate models (including a null model with the intercept only) for each of the four growth and reproductive traits. The models contained all possible combinations of main effects of plant neighbor treatment, level of herbivore damage, and invasive status of B. nigra as well as their two-or threeway interactions. In the same models, we included the following as random-effects independent variables: the population of origin of B. nigra nested within invasive status of B. nigra, and the species identity of the heterospecific plant neighbor nested within plant neighbor treatment. These GLMMs were run using two sets of scores: absolute scores of phenotypic trait expression, and the RII scores computed from the absolute scores, as explained in Measurement of expressed traits. We used Akaike's information criterion (AIC), corrected for small sample size (AIC c ), to determine the bestsupported model for each of the four growth and reproductive traits. The best-supported model was the one with the lowest AIC c value (Zuur et al. 2009 ). All analyses were performed with package lme4 in R (R Development Core Team 2009 , Bates et al. 2012 . We used pairwise REML contrasts (Bates 2011) to compare phenotypic trait expressions by invasive and native populations of B. nigra under all plant neighbor treatments and both levels of herbivore damage to better understand the significance of the complex interactions.
RESULTS
Interactive effects of level of herbivore damage and plant neighbor treatments on phenotypic trait expressions by native and invasive populations of B. nigra
The result of the PERMANOVA revealed a significant three-way interactive effect of the plant neighbor treatment, level of herbivore damage, and invasive status of B. nigra on phenotypic expressions of growth and reproductive traits by the invasive and native populations of B. nigra (Table 2) . Similarly, for the univariate GLMMs, the models that best explained variations in the growth and reproductive traits ex-pressed by invasive and native populations of B. nigra were those in which there were three-way interactions among levels of herbivore damage, plant neighbor treatment, and invasive status of B. nigra (Table 3) . When grown alone without any plant neighbor and under reduced level of herbivore damage, native populations of B. nigra produced significantly higher plant biomass, seed number, and seed biomass than invasive populations of B. nigra (Fig. 1) . The native populations of B. nigra experienced a greater relative increase in plant height than invasive populations of B. nigra under reduced herbivore damage, despite the fact that, overall, invasive populations were always taller than native populations (Fig. 1) . Under ambient levels of herbivore damage and in the absence of a plant neighbor, invasive populations of B. nigra produced significantly higher total plant biomass and seed number per plant than native populations of B. nigra (Fig. 1) . However, in the presence of any plant neighbor and under ambient level of herbivore damage, native and invasive populations of B. nigra yielded similar amounts of seeds and total plant biomass (Fig. 1) . Grass and legume heterospecific neighbors had differential effects on invasive and native populations of B. nigra when the level of herbivore damage was reduced. Native populations produced significantly less seed biomass than invasive populations of B. nigra when grown with grass neighbors, but significantly more plant biomass when grown with legume neighbors (Fig. 1) .
Interactive effects of level of herbivore damage and plant neighbors on relative interaction intensity (RII)
The patterns of phenotypic expression of growth and reproductive traits by invasive and native populations of B. nigra under different levels of herbivore damage and plant neighbor treatments can be further elucidated and summarized with the RII metric. The RII metric takes into account phenotypic trait expression by a focal plant in the absence vs. presence of a plant neighbor. Based on the RII, variations in plant biomass and seed yields by Notes: The models were run using absolute scores of the phenotypic traits as well as relative interaction intensity index (RII) scores computed from the absolute scores (see explanations in Materials and methods). Model selection was based on the Akaike's information criterion corrected for small sample size (AIC c ). The best-supported model had the lowest AIC c value, highlighted in boldface type. In each model, the following were included as random-effects independent variables: (a) the population identity of B. nigra nested within invasive status of B. nigra, and (b) the species identity of the heterospecific plant neighbor nested within plant neighbor treatment. the invasive and native populations of B. nigra were best explained by the models in which there were two-way interactions among levels of herbivore damage and invasive status of B. nigra (Table 3) . On the other hand, variations in plant height were best explained by the main effect of level of herbivore damage (Table 3 ). The seed yield by invasive populations of B. nigra were mostly unaffected (the RII values are not significantly different from zero) by heterospecific plant neighbors under either level of herbivore damage (Fig. 2) . The grass and legume heterospecific neighbors facilitated biomass yield of invasive populations of B. nigra under reduced level of herbivore damage (Fig. 2) . All three types of plant neighbor treatment facilitated expression of plant height by invasive populations of B. nigra under reduced or ambient level of herbivore damage (Fig. 2) . In contrast, for the native populations of B. nigra, the conspecific and heterospecific plant neighbors competitively suppressed phenotypic expressions of all four traits under reduced herbivore damage (Fig. 2) . Under the ambient level of herbivore damage, however, the plant neighbors (mostly heterospecific) facilitated phenotypic trait expressions by the native populations of B. nigra (Fig. 2) .
DISCUSSION
We found that the level of insect herbivore damage and plant neighbor treatment interacted to affect phenotypic expression of growth and reproductive traits by invasive and native populations of B. nigra differently. In general, the plant neighbors affected (through facilitation and competition) the native populations of B. nigra more strongly than the invasive populations of B. nigra under either level of insect damage (Fig. 2) . Heterospecific plant neighbors (grasses and legumes) competitively suppressed seed yield by native populations of B. nigra, while having no significant effect on seed yield by invasive populations of B. nigra under a reduced level of herbivore damage (Fig. 2) . Under ambient level of herbivore damage, the heterospecific plant neighbors facilitated seed yield of native populations of B. nigra (Fig. 2) . For the invasive populations of B. nigra, the legume neighbors competitively suppressed seed yield, while the grass neighbors had no significant effect on seed yield (Fig. 2) . Conspecific plant neighbors generally competitively suppressed seed yields by both native and invasive populations of B. nigra under either level of insect damage (Fig. 2) . Plant neighbor treatments and level of herbivore damage influenced production of plant biomass by the invasive and native populations of B. nigra in similar fashion to the seed yields (Fig. 2) . The expression of plant height by invasive populations of B. nigra was either facilitated or unaffected by plant neighbors under either level of herbivore damage, while that by native populations of B. nigra was suppressed by the plant neighbors under reduced level of damage and facilitated or unaffected under ambient level of herbivore damage (Fig. 2) . Our finding that, in general, the plant neighbors facilitated or competitively suppressed the native populations of B. nigra under ambient vs. reduced levels of herbivore damage, respectively, lends support to the stressgradient hypothesis.
Whereas we cannot conclude from the current experiment through which mechanism, resistance or tolerance, insect herbivores mediated the different competitive and facilitative responses of native and invasive populations of B. nigra to their plant neighbors, our results show striking effects of insect herbivores as mediators of the outcome of such responses. That such effects differ between native and invasive populations of B. nigra is noteworthy. In B. nigra, resistance to generalist insect herbivores is positively correlated with increased sinigrin content (Lankau and Kliebenstein 2009) , and sinigrin also mediates competitive interactions between B. nigra and conspecific or heterospecific plant neighbors (Lankau and Kliebenstein 2009, Lankau et al. 2011) . Specifically, high sinigrin-expressing B. nigra genotypes suppress heterospecific plant neighbors more than low sinigrin-expressing B. nigra genotypes (Lankau and Strauss 2007, Lankau and Kliebenstein 2009) . Brassica nigra genotypes that express low amounts of sinigrin have been reported to be stronger intraspecific competitors than B. nigra genotypes that express high amounts of sinigrin (Lankau and Strauss 2007) . We have previously reported that invasive populations of B. nigra expressed higher concentrations of sinigrin than native populations of B. nigra, possibly as a result of selection by different herbivore species assemblages between the invasive and native ranges of B. nigra (Oduor et al. 2011) . Hence, differential herbivory pressure in either range might alter the nature of competitive interactions between B. nigra and its plant neighbors via altered expressions of sinigrin. In similar studies, invasive populations of Solidago canadensis (Yuan et al. 2012) and Centaurea maculosa (Ridenour et al. 2008 ) that expressed comparatively high concentrations of allelochemicals had higher competitive effects on heterospecific neighbors than native populations of those invasive plant species. Some investigators have hypothesized that damage by insect herbivores can induce expression of a high level of tolerance, leading to increased rates of resource use in certain plant species (Callaway et al. 1999 , Siemens et al. 2003 , Jones et al. 2006 ). This suggests a positive correlation between tolerance of herbivore damage and competitive ability for those species. In fact, it has been reported that invasive populations of C. maculosa that had higher tolerance of herbivore damage also had higher competitive ability than native populations of C. maculosa that had lower tolerance (Ridenour et al. 2008) . Our current results indicate that plant neighbors increased (i.e., facilitated) tolerance of herbivore damage by the native populations of B. nigra. This is because the native populations of B. nigra had higher levels of phenotypic expression of growth and reproductive traits under the ambient level of insect herbivore damage and in the presence of plant neighbors (Fig. 2) . It is plausible that ambient levels of herbivore damage induced high expression of tolerance by the native populations, leading to increased acquisition of growth resources, and that plant neighbors facilitated the availability of such resources. Environmental stress (e.g., low moisture availability) can reduce the ability of a plant to tolerate herbivore damage (Rand 2004) . Hence, plant neighbors that mitigate such stress (e.g., through shading to reduce moisture loss) can increase a focal plant's tolerance of herbivore damage (Rand 2004 ). The present study did not isolate the growth resources (nutrients, water, and light) at the center of competitive and facilitative interactions between the experimental plants. An interesting avenue for further studies is to identify which of these growth resources affect(s) competitive and facilitative interactions in the present study system.
We have previously reported that native populations of B. nigra expressed higher tolerance of, and lower resistance to, damage, by insect herbivores than invasive populations of B. nigra (Oduor et al. 2011) . Those results likely hold true in the current study, because the native populations of B. nigra seemed to express higher tolerance under ambient levels of insect herbivore damage, as just discussed. Together with the previous results, the current results indicate that higher tolerance of herbivore damage by native populations of B. nigra, which is likely facilitated by plant neighbors, may enable the native populations to cope with intense damage caused by high species diversity of generalist and specialist insect herbivores in the native range. Because the native ranges of invasive plant species harbor a more diverse community of generalist and specialist herbivores than the invasive ranges (Liu and Stiling 2006) , tolerance may be a more suitable strategy than resistance for the native populations of invasive plant species to cope with damage by the herbivores (Jokela et al. 2000) . As the diversity of herbivores increases, resistance is likely to be less effective, as the plant would need to produce a wide variety of costly defense compounds to match the different herbivore species. On the other hand, tolerance is likely to be equally effective against generalist and specialist herbivores, with its relative value determined by the total amount of herbivore damage received.
Our qualitative comparison of herbivore species identities between the current native range experimental site in Granada (Spain) vs. an exotic range experimental site at the University of California-Davis (USA), revealed that B. nigra interacts with different community assemblages of generalist and specialist herbivores in these two sites. In Granada, B. nigra interacted with 16 generalist and 12 specialist herbivores, while in California, B. nigra interacted with 9 generalist and 5 specialist herbivores (Appendices C and D). Of these, there were only three generalist and three specialist herbivores in common between the two sites (Appendices C and D). These data on differential herbivore community assemblages in the native vs. exotic range sites support the hypothesis that the striking differences between native and invasive populations of B. nigra in phenotypic expressions of the growth and reproductive traits noted here might be the result of differential PLATE 1. Invasive and native populations of Brassica nigra (flowering in foreground) grown in a common-garden field experiment in Granada, southeastern Spain. Photo credit: A. M. O. Oduor. herbivore selection pressures in both exotic and native ranges of B. nigra.
Because invasive plant species often interact with different plant community assemblages in their exotic vs. native ranges, which potentially leads to different evolutionary trajectories in either range Aschehoug 2000, Hierro et al. 2005 ), a major challenge remains with respect to choosing appropriate heterospecific plant neighbors against which to test postintroduction evolution of traits by invasive plants (Bossdorf et al. 2005) . While it has been suggested that use of conspecific plant neighbors alone might help to overcome this challenge, many invasive plant species interact with both conspecific and heterospecific plant neighbors in either range (Bossdorf et al. 2005) . Hence, a more thorough insight into post-introduction trait evolution by invasive plants can be gained from experiments that use both conspecific and heterospecific plant neighbors.
It would be of interest to know whether the patterns we have observed in the current native range experiment would hold true for a similar experiment conducted in the invasive range of B. nigra. We are likely to gain more insight into the ecological and evolutionary processes underlying plant invasions by studying invasive and native populations of plant species in both their native and exotic ranges (Hierro et al. 2005) . Neverthless, such biogeographical studies have to overcome various challenges including those of ethics, in which there is a need to prevent the risk of introducing novel genotypes of invasive plant species to a new range (Hierro et al. 2005) .
The other studies that have tested post-introduction evolutionary changes in phenotypic trait expression by invasive plant species in the presence of plant neighbors (although without manipulating levels of herbivore damage) have found mixed results. Similar growth between invasive and native populations was found in Eschscholzia californica (Leger and Rice 2003) , Hypericum perforatum (Vila`et al. 2003) , Silene latifolia (Blair and Wolfe 2004) , Lepidium draba (McKenney et al. 2007 ) and Centaurea maculosa (He et al. 2009 ). In contrast, invasive populations of Sapium sebiferum (Zou et al. 2008a ) and C. maculosa (Ridenour et al. 2008) grew larger than native populations of the same plant species. Native populations of Alliaria petiolata had greater growth than invasive populations of that plant species (Bossdorf et al. 2004a) . Mixed results are also found for resistance to, and tolerance of, herbivory by native and invasive populations of various plant species (e.g., Bossdorf et al. 2004b , Joshi and Vrieling 2005 , Stastny et al. 2005 , Zou et al. 2008b , Oduor et al. 2011 . Taken together, some of these conflicting phenotypic expressions of growth, reproductive, and defensive traits between invasive and native populations of various plant species may be the result of differential selection pressures exerted by both herbivores and plant neighbors in the exotic and native ranges.
Results from the present study are a significant first step toward an understanding and prediction of how altered level of herbivore damage can influence pairwise interactions between invasive and native populations of plant species and their plant neighbors. In natural plant communities, direct interactions between two neighboring plants may be highly modified by indirect or diffuse effects of a third plant (Levine 1999, Callaway and Pennings 2000) . For example, the direct competitive effect of one plant species on a second plant species (i.e., a focal plant species) can be weakened by the indirect facilitative effect of a third plant species acting on the focal plant species (Levine 1999, Callaway and Pennings 2000) . This can occur when the third plant species suppresses the competitive effect of the first plant species on the focal plant species (Levine 1999, Callaway and Pennings 2000) . Therefore, results from experimental studies of pairwise interactions between plants may not provide a full understanding of how plant species interact within communities (Callaway and Pennings 2000) . An advanced understanding of herbivore-mediated interactions between invasive and native populations of plants and their plant neighbors will be gained from future experiments similar to the one we report here, which manipulate the presence and absence of two or more plant neighbors.
Biological invasions inherently involve demographic processes that ultimately lead to changes in population growth rates (Strauss et al. 2006, Leger and Espeland 2010) . In the present study, we have inferred postintroduction evolutionary changes in growth and reproductive traits of invasive and native populations of B. nigra as a consequence of altered interactions with insect herbivores and plant neighbors. However, how such putatively evolved trait differences affect demographic processes and population growth rates of the respective populations remains unknown. To date, little is known of how post-introduction trait evolution by invasive plant species can in turn influence demographic processes, and ultimately, population dynamics of such plant species (Hahn et al. 2012) . Future studies that employ life table response experiments (LTRE) (e.g., Elderd and Doak 2006 , Dauer et al. 2012 , Hahn et al. 2012 will help elucidate the role of post-introduction trait evolution in influencing demographic parameters and population growth rates of invasive plant species.
In conclusion, our results suggest that B. nigra may have experienced post-introduction evolution in traits that influence the outcomes of its interactions with herbivores and plant neighbors, and that a change in herbivory pressure between exotic and native ranges of B. nigra may have catalyzed such trait evolution. In many terrestrial ecosystems, herbivore-mediated interactions between plants are one of the many processes shaping plant communities. Only by examining multiple interactions can we gain additional insights into the ecological and evolutionary processes underlying plant invasions.
